An effective U (1) gauge invariant theory is obtained starting from a microscopic lattice model of ferromagnetic metals. The action is written in terms of spin-1 2 two-component Bose spinor fields (spinons) and a spin-singlet gauge invariant real field (paramagnon). Below the Curie temperature, "HolsteinPrimakoff" representation for the spinons is used, and the model is simplified by means of the spin-wave appoximation. The spin-spin correlation functions are calculated within this appoximation.
The Heisenberg model of ferromagnetism, based on the exchange interaction of localized electrons gives an explanation of many properties of nonconducting magnetic systems at both low and high temperatures. However the development of a satisfactory theory of ferromagnetic metals ran into difficulties.
Theories of weak ferromagnetic metals based on the Landau Fermi liquid theory have been developed by several theorists [1] [2] [3] [4] . The spectrum of the spin excitations has been found. It consists of spin fluctuation of paramagnon type and a transverse spin-wave branch.
Murata and Doniach [5] have proposed a phenomenological mode-mode coupling theory to describe the temperature dependence of the quantities for a weak ferromagnet. However, they started from a classical Hamiltonian and ignored the quantum effects, which are important because of the low temperature nature of the weak ferromagnet.
Perhaps the most striking feature of the itinerant ferromagnets is the quantum transition to paramagnet. In the paper [6] , Hertz derive an effective paramagnon theory of paramagnetto-ferromagnet quantum phase transition. He analized the effective model by means of a renormalization group method that generalizes Wilson's treatment of classical phase transition and concludes that the critical behavior of itinerant ferromagnets in dimensions larger then one are described by mean-field fixed point. The Hertz's work has been reexamined in Refs. [7] and [8] . The results of this papers in many aspects differ from those of Hertz. It has been shown in [8] , that there exist soft modes, and the paramagnet-ferromagnet quantum phase transition is determined by the coupling of these modes to the spin fluctuations.
An alternative approach to magnetic phase transition in fermi systems is a self-consistent one loop approximation which has been developed by Morya and co-workers [9] .
New results concerning magnetic phase diagram in Hubbard-type model have been obtained within the dinamical mean-field theory [10, 11] .
There exist a remarkable gap between theory of ferromagnetic metals and experiment in this field. Some data are readily interpretable in terms of theory of itinerant electrons, other data in terms of localized electron model. The experimental results suggest that one could look for some sort of amalgam of the models of localized and itinerant electrons.
In order to correctly explain the characteristic features of itinerant ferromagnets it should be sufficient to work with an effective theory that keeps explicitly only the magnon and paramagnon excitations.
The present work is devoted to the derivation of an effective magnon-paramagnon theory starting from a microscopic lattice model of ferromagnetic metals. The simplest model is determined by the Hamiltonian
Hereĉ + iσ andĉ jσ are creation and annihilation operators for electrons,n iσ =ĉ + iσĉiσ and n i = σniσ are density operators, andˆ S i = 1/2 σσ ′ĉ + iσ τ σσ ′ĉ iσ ′ , where τ denotes the vector of Pauli matrices, are spin operators. The sums are over all sites of a three-dimensional cubic lattice, < i, j > denotes the sum over the nearest neighbors, and µ is the chemical potential. In (1) the J-term corresponds to direct Heisenberg exchange which is generically ferromagnetic (J > 0) in nature. In terms of Schwinger-bosons (φ i,σ ,φ
The partition function can be written as a path integral over the complex functions of the Matsubara time τ ϕ iσ (τ ) (φ iσ (τ )) and Grassmann functions h i (τ ) h i (τ ) and
In terms of Schwinger bosons and slave fermions the Hamiltonian is obtained from Eqs. (1) and (2) replacing the operators with the functions. I make a change of variables, introducing new Bose fields f iσ (τ ) f iσ (τ ) Ref.
[12]
where the new fields satisfy the constraint
In terms of the new fields the action has the form
where β is the inverse temperature and the Hamiltonian, without the terms of order equal or higher then six, has the form
In Eq.(6) n i =f iσ τ σ,σ ′ f iσ ′ is an unit vector. The theory is U(1) gauge invariant, and the measure includes δ functions that enforce the constraint Eq.(4) and the gauge-fixing condition.
It is convenient to replace the term (6) with the local one
The difference is of higher order of derivatives, and I'll drop it. Then one can decouple this term, by means of the Hubbard-Stratanovich transformation, introducing a real, spin-singlet and gauge invariant field.
The action is quadratic with respect to the fermions
and one can integrate them out. The resulting action depends on the spinons and the real field. It has a minimum at the point S i = s 0 , f iσ = f σ , and the stationary condition is
Expanding the effective action around this point and keeping only the first three terms, one obtains the action of the effective theory. It is a functional of the spinons and the real field
To get intuition how the effective action looks like, it is important to stress that the spinon fields contribute the action through the fieldsf
2 (see Eq.8) In the continuum limit they have the
as a charge-two complex field and ∂ ν n· ∂ ν n is a gauge invariant. Hence, the simplest gauge invariant and spin-singlet contributions of the first two fields have the form
. It is not difficult to check that
The term (
. is of the same order as (∂ ν n · ∂ ν n) 2 and I'll ignore it. To obtain the effective theory it is convenient to set the gauge field A µ = if σ ∂ µ f σ equal to zero, and to account for the contribution of the complex field (f 1 ∂ ν f 2 − f 2 ∂ ν f 1 ), the real field ϕ, and ∂ ν n · ∂ ν n. An important exclusion is thef σ ∂ τ f σ field wich contributes the action linearly.
The effective action can be written in the form
S H is the action of the Heisenberg theory of localized spins. In continuum limit it has the form
In Eq. (12), m = 1 2
(1 − s 0 ), and s 0 comes from "tadpole" diagrams with one h or d line. The spin stiffness constant has the following representation in terms of microscopic parameters and at zero temperature [13] 
In Eq.(13), n S p is the contribution to the effective action of the paramagnon excitations
where r = 
. It is obtained from the Lindhard functions for h and d fermions in the limit when p and ω p are small. Finally, the spinon-paramagnon interaction has the form
where In terms of the spinons and fermions, the spin fields have the representation (see Eqs. (2) and (3))
where the unit vector n i identifies the local orientation of ferromagnetic order. The dimensionless magnetization of the system, per lattice's site is defined by the equation, < S , the relevant excitations are the spinon and paramagnon excitations and the effective theory is defined by the action Eqs. (11, 12,14,15) . The system approaches the quantum critical point when m → 0 (s 0 → 1). One can see directly, from the stationary condition (9) , that r(m) approaches zero when m → 0. Hence, the r → 0 limit identifies the quantum critical point in the effective theory.
The effective theory is U(1) gauge invariant. Below the Curie temperature it is convenient to impose the gauge-fixing condition in the form argf i1 = 0. Then the constraint (4) can be solved by means of the complex field a i (τ ) = f i2 and f i1 = 1 −ā i (τ )a i (τ ). For the components of the unit vector one obtains the Holstein-Primakoff representation: n
The kinetic term in the action and the measure are the same as the kinetic term and the measure in the theory of Bose field. The only difference is that the complex fields are subject to the conditionā i (τ )a i (τ ) ≤ 1.
In the spin-wave theory one approximates 1 −ā i (τ )a i (τ ) and integrates over the whole complex plane. Then, the model is simplified and can be written in terms of magnon a i (τ ) (ā i (τ )) and paramagnon ϕ i (τ ) fields
In spin-wave approximation the transverse components of the spin fields are propotional to the magnon fields S
Hence, in gaussian approximation, spin-spin correlation functions have the form
The interaction doesn't change the analytic form of the correlation functions, but renormalizes the parameters. Simple scaling arguments, based on the Hertz's renormalization group technique allow to estimate the interaction. In a tree approximation RG equations have the form: . This result reproduces the well known fact that spin-stiffness constant goes to zero when the system approaches the quantum critical point [4, 9] . The scaling of ρ with r follows from the fact that the dynamical exponent is z = 3 [6] . On the other hand, the effective coupling constant diverges when r → 0, which means that one has to use nonperturbative methods of calculation to study the behavior of the system near the quantum critical point.
Recently, a nonanalytic dependence of the spin stiffness on the magnetizarion has been obtained [14] . The authors do not introduce explicitly paramagnon exitations and show that the quantum critical behavior is determined by the coupling of non-critical soft modes to the critical spin fluctuations.
Above the Curie temperature the relevant excitations are gapped spin-
spinons and paramagnon. The spin-spin correlation function is determined by spinon fluctuations. The paramagnon fluctuations renormalize the parameters only, but this renormalization is strong near the phase transition and defines the features of the system.
In conclusion, the effective theory of itinerant ferromagnets describes both the order and disordered phases of the system. Altering the parameters, it interpolates between the theory of localized and itinerant electrons.
There is a considerable interest in the finite temperature properties of weak itinerant ferromagnets. It was obtained in [4] , that in region below but close to Curie temperature the paramagnon contribution is dominant. Experimentally, the transition in the weak ferromagnet MnSi has been investigated at different Curie temperatures by applying hydrostatic pressure [15] . The transition at high temperatures was found to be of second order, while at lower transition temperatures it is of first order. In the first order regime the transition temperature was found to scale with pressure like T c ∼ (p c − p) 1 2 . The scaling low is explained by a mean-field analysis, assuming a dynamical exponent z = 3.
It is easy to explain the scaling low within the framework of the effective theory. The critical temperature is proportional to spin-stiffness constant T c ∼ ρ(r). To obtain the assymptotic of the critical temperature when r → 0, i.e when the system approaches the quantum critical point, one has to account for the assymptotic of the spin-stiffness constant. The result is T c ∼ r 1 2 , and one can obtain the scaling of T c with pressure assuming a linear relation between p and r.
Recently, it was shown that the phase transition in low-T c clean itinerant ferromagnets is generically of first order, due to correlation effects that lead to nonanalytic term in the free energy [16] .
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